Introduction
Surface-treated steel sheets coated with zinc or aluminum are widely used in the areas of home appliances, construction materials, and automobiles. Zinc-coated steels are common among surface-treated steel sheets; Japan's domestic production of zinc-coated steels in 2017 was 10.92 million tons, 1) which accounts for 78% of 13.59 million tons, the total production of metal-coated steels.
The most important function required for zinc-coated steels is corrosion resistance. Zinc is excellent in this respect, and makes it possible to prevent appearance degradation caused by red rust formed via corrosion of base material steel and loss of strength caused by reduction in thickness. The performance of zinc-coated steels can be further reinforced by forming a chemical conversion coating on the surface of the zinc-coated layer. Chemical conversion coatings have various functions: inhibiting corrosion of the zinc-coating so as to prevent "white rust" from forming, fingerprint-proofing 2) that prevents the touch of a bare hand from remaining as a mark, and chemical resistance that allows chemical conversion coatings to remain even if its surface is wiped with alcohol. Various types of new products that add higher value to steels have recently been developed. For example, colored steels 3) are manufactured
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by adding certain pigments to chemical conversion coatings, enhancing their value in design and expanding the utility of zinc-coated steels. In this situation, the basic function required for chemical conversion coatings is corrosion resistance.
Chromate treatment is inexpensive and excellent for preventing corrosion, leading to it being widely applied in chemical conversion coatings for zinc-coated steels. However, chromate contains hexavalent chromium as a main component; since hexavalent chromium is classified as a Substance of Concern, it has fallen under stricter regulation in accordance with RoHS and others. Against this backdrop, chromate-free methods for achieving corrosion resistance with the aid of one or more components other than hexavalent chromium 4) are increasingly applied as environmentally friendly approaches.
Currently, chromate-free chemical conversion coatings mainly comprise an organic base coating with a corrosion inhibitor mixed into it. 2) Various types of compounds are used as corrosion inhibitors, including colloidal silica 5, 6) and phosphate compounds. [7] [8] [9] Regarding the corrosion resistance of chemical conversion coatings with added colloidal silica, Horiba et al. demonstrated that employing silica as filler is effective in inhibiting water permeation. 5) Miki et al. mentioned that a mixed corrosion product of colloidal silica and zinc hydrates eluted in a corrosive environment is effective as a barrier against corrosion-accelerating factors. 6) On the other hand, phosphate is one of the most widely employed compound as a corrosion inhibitor and a pigment. 9, 10) Regarding the corrosion resistance of chemical conversion coatings with added phosphoric acid for zinc-coatings, Okai et al. analyzed the relationship between corrosion resistance on a flat area and the initial crosssectional structure by using a galvanized steel sheet etched with phosphoric acid in the chemical conversion coating. They inferred that corrosion resistance improved as a result of inactivation of the zinc surface layer due to the presence of phosphorus-and zinc-enriched regions at the interface between the chemical conversion coating and the zinccoating layer. 7) Noro et al. mentioned the self-repairing action and increase in barrier performance were brought about by particulate zinc phosphate-based compounds in chemical conversion coatings. 8) As those previous studies show, the mechanisms for improvement of corrosion resistance by adding colloidal silica or phosphoric acid mainly focused on flat areas where zinc-coating remained.
However, the zinc-coating may be damaged if zinc-coated steels undergo severe machining before they are used in actual applications, or may suffer scratching as deep as the level below the zinc layer if they come into contact with other materials. As a result, their steel substrate may be exposed to the environment. Corrosion conditions in such cases become more severe than in flat areas where the zinc and chemical conversion coatings remain, and the steel substrate is exposed to corrosion-accelerating factors, such as salt water and rainwater, at an earlier stage. However, only a very small number of studies have focused on the role of corrosion inhibitors in preventing corrosion in places where not only coated zinc below the chemical conversion coating, but also steel substrate, is exposed to the environment.
With the purpose of establishing guidelines for increasing corrosion resistance in areas on zinc-coated steels where the underlying steel is exposed, we analyzed the effect of the phosphate compounds used as a corrosion inhibitor on corrosion resistance in areas of exposed steel substrate, and examined the mechanism which enable these compounds to improve corrosion resistance of zinc-coating.
Experimental

Preparation of Specimens
The treatment solution (described later) was applied with a bar coater (number: #4) to the surface of an electrolytic zinc-coated steel (thickness: 0.8 mm; amount of deposited coat on one face: 20 g/m 2 ) to deposit 1.3 g/m 2 of the chemical conversion coating. After that, moisture contained in the treatment solution was evaporated by heating the steel to 150°C inside a hot blast furnace supplying an ambient atmosphere at a temperature of 300°C. The steel was cooled down by submerging it in a container of pure water at room temperature and withdrawing it immediately (within 3 seconds); the steel was then dried by blowing it with hot air, thus forming the chemical conversion coating.
The treatment solution used was prepared by adding phosphoric acid to a commercially available polyurethaneresin water dispersion in such a manner that phosphoric acid would account for 0 to 30 mass% of the solid content. The nonvolatile component concentration in the treatment solution was adjusted to be 13.5 mass%. Table 1 shows the ratio of phosphoric acid to nonvolatile components in each specimen. The mixture comprising the resin-water dispersion and phosphoric acid was stirred for 1 hour, and then applied to the steel under the above conditions in a state where no sediment formed on the bottom and other areas of the container. The treatment solution applied was homogeneous, and any elution of the components of the chemical conversion coating was insignificant because the steel was pulled out of the container immediately (within 3 seconds) after submergence for cooling, and dried to evaporate moisture. Accordingly, the ratio of added phosphoric acid in the chemical conversion coating can be presumed to be equal to the ratio of added phosphoric acid to the solid content (phosphoric acid and polyurethane resin) in the prepared treatment solution.
Evaluation of Corrosion Resistance in Scratches
The end and rear surfaces of specimens (100 mm long and 50 mm wide) were sealed with tape to prevent water and salt from contacting them. Two 55-mm long scratches deep enough to reach the steel substrate were made with a utility knife in such a manner that the scratches crossed each other. The specimens were subjected to a salt spray test (SST) complying with ISO 9227 and pulled out after 24 hours, 48 hours, and 72 hours of SST. To determine variations in the width of the scratches made with a utility knife, the maximum corrosion width was measured for the four locations of (1) to (4) as shown in Fig. 1 . We evaluated the corrosion resistance in the scratches by calculating their average values.
Analysis
Electron Probe Microanalyzer (EPMA)
The scratches on specimen G before SST and specimen G after 6 hours of SST were observed from the specimen top with an EPMA, JXA-8230 made by JEOL Ltd., enabling us to map the element distributions of Zn, P, O, C, and Fe. Mounted specimens were created by embedding specimen G before SST and specimen G after 6 hours of SST in epoxy resin and subjecting them to polishing with SiC abrasive paper and diamond abrasive paper, and platinum vapor deposition. We used the EPMA to observe their cross sections, thus mapping element distributions mainly for the scratches.
Infrared Spectroscopy (IR)
The scratches of specimen A and specimen G after 6 hours of SST were observed with a Fourier transform infra- red spectrophotometer, JIR-5500 made by JEOL Ltd., using the microscopic reflection method. For specimen G, Raman spectra were also measured before SST and after 6 hours of SST. As a standard substance for comparison, a powder reagent of Zn 3 (PO 4 ) 2 ·4H 2 O was used.
X-ray Photoelectron Spectroscopy (XPS)
The spectrum of each element in the flat areas of specimens was measured with an XPS analyzer, Quantum2000 made by ULVAC-PHI, Inc., and the chemical states were presumed from the bond-energy values corresponding to the peaks. Element concentration distributions were calculated for each 5 nm (in terms of SiO 2 ) and to a depth of 1 μm by repeating argon-ion sputtering and spectrum measurement.
Elution Behavior of Inhibitor Components
The end and rear surfaces of specimens (35 mm long and 35 mm wide) were sealed with tape. The specimens were subjected to a salt spray test (SST) complying with JIS Z 2371. For specimens A to G before SST and after 24 hours of SST, the X-ray fluorescence intensity of phosphorus was measured with an X-ray fluorescence analyzer, ZSX100e made by Rigaku Corporation. The amount of phosphorus remaining in the chemical conversion coating was calculated by using a calibration curve that was prepared in advance from the amount of attached phosphorus and the X-ray detection intensity. For the samples after 24 hours of SST, the amount of eluted phosphorus per unit area was determined from the difference between the calculated amount and the amount of attached phosphorus before SST.
Results and Discussion
Effects of Adding Phosphoric Acid on Corrosion
Resistance in Scratches Figure 2 shows photographs of the appearance of scratches after 48 hours of SST and the relationship between the ratio of added phosphoric acid and the maximum corrosion width. As seen in Fig. 2(a) , corrosion spread from the scratch in specimen A, to which no phosphoric acid was added. In Fig. 2(b) , in contrast, corrosion was inhibited in specimen G, for which the ratio of added phosphoric acid was 20 mass%. After 72 hours of SST, as shown in Fig.  2(c) , the maximum corrosion width reached 2.4 mm in specimen A but decreased with an increase in the amount of added phosphoric acid. In specimens E to H, to which phosphoric acid was added to 10 mass% or more, the maximum corrosion width was inhibited to 0.3 mm or less even after 72 hours of SST. These results suggest that when added to the chemical conversion coating, phosphoric acid is effective in inhibiting corrosion in scratches where a steel substrate is exposed.
Deposition of the Components of Zinc-coating and the Chemical Conversion Coating in Scratches
To identify the factor that improved corrosion resistance in scratches in response to the addition of phosphoric acid to the chemical conversion coating, we analyzed the behavior of the components of the zinc-coating and the chemical conversion coating before and after SST. For specimen G, to which phosphoric acid was added to 20 mass%, the element distributions in scratches were observed with an EPMA before SST and after 6 hours of SST. Figure 3 displays the results of observation from above the specimen, and Fig. 4 shows the results of observation in a cross-sectional direction. In Figs. 3 and 4 , BSE image stands for backscattered electron image. Figure 3 (a) shows that only Fe was detected in the scratch before SST, and no other elements contained in the zinc-coating and the chemical conversion coating were detected. This fact suggests that the scratch made with a utility knife was deep enough to reach the steel substrate below the chemical conversion and zinc-coatings. The backscattered electron microscope image before SST in Fig. 4(a) also suggests that the scratch reached the steel substrate. For the specimens after 6 hours of SST, as shown in Fig. 3(b) , Zn, P, and O were detected on the steel substrate; all the elements were detected even in the central area of the steel substrate. Figure 4 (b) also suggests that Zn, P, and O covered the entire steel substrate. It is thought that the detected Zn resulted from a component of the zinc-coating, and that the P came about via compounds containing phosphate ions (PO 4 3 − ), a component of the chemical conversion coating. Furthermore, we thought the O came about from PO 4 3 − , hydroxide ions (OH − ), and carbonate ions (CO 3 2 − ). Between Figs. 3(a) and 3(b), the scratch widths are different, which may have been due, for example, to differences in the blade angle of the utility knife used for making the scratches. Comparing Fig. 3(b) to Fig. 4(b) , the Zn intensity appeared higher around the interior area of the steel substrate than in the flat area. The reason is as follows: in the flat area, generated characteristic X-rays were shielded by the chemical conversion coating above the zinc-coating, and as a result, the Zn detection intensity decreased.
To identify the constituents of the compounds containing the P that the EPMA detected, IR measurement was performed on the scratches of specimens A and G after 6 hours of SST. Figure 5 shows the measured spectra, and Fig. 6 shows the Raman spectra of specimen G. In Fig.  5(a) , specimen A exhibited absorption peaks near wave numbers of 1 500 and 3 300 cm − 1 . Since those peak positions correspond to CO 3 2 − and OH − , respectively, it can be presumed that the peaks are derived from hydrozincite (Zn 5 (OH) 6 CO 3 ). For specimen G in Fig. 5(b) , an absorption peak was observed near 1 500 cm − 1 , but none was observed near 3 300 cm − 1 ; it can be presumed that the amount of hydrozincite produced was not large. However, since a small absorption peak was observed near 1 100 cm − 1 , there may have been a compound present containing PO 4 3 − . No peaks were observed in the range of 700 to 1 100 cm − 1 in the Raman spectrum before SST as shown in Fig. 6(a) , whereas a peak was present in the range of 950 to 1 000 cm − 1 in the Raman spectrum after 6 hours of SST as shown in Fig. 6(b) . In measurements performed for comparison where a reagent of Zn 3 (PO 4 ) 2 ·4H 2 O was used as a compound of Zn 2 + and PO 4 3 − , a peak was observed near 980 cm − 1 . Accordingly, Zn 2 + and PO 4 3 − are highly likely to have formed a compound on the steel substrate. Therefore, it can be presumed that a compound formed from the Zn 2 + and PO 4 3 − that were transferred via elution from the chemical conversion coating and the zinc layer into the salt water covering the steel substrate in the scratches, blocking the oxygen and salt water from the surface of the steel substrate.
PO 4
3 − Elution from the Flat Area The PO 4 3 − detected on the steel substrate in scratches was considered to be eluted from the chemical conversion coating around the scratches into salt water during the SST. Therefore, the XPS depth profile (in the direction from the chemical conversion coating toward the zinc layer) was measured corresponding to the binding energy (2p spectrum) derived from P in the flat area approximately 5 mm away from the end of a scratch on specimen G before SST and after 6 hours of SST. Figure 7 shows the results. A peak was observed near 134 eV in Fig. 7(a) for measurement before SST. Also a peak was observed at some depths near 134 eV in Fig. 7(b) for measurement after 6 hours of SST. Since those peaks were close to the peak (dotted lines at 134.1 eV) corresponding to the PO 4 3 − -containing compound (Zn 3 (PO 4 ) 2 ·4H 2 O) used as a reagent, we can infer that those peaks correspond to PO 4 3 − . Note that the peaks shifted toward the lower-energy side at some depths. Since no peak shift was observed between before and after the sputtering using the Zn 3 (PO 4 ) 2 ·4H 2 O agent in separate measurements, slight polarization toward the lower-valence side of the phosphate reagent may have occurred due to the environment surrounding the PO 4 3 − . Using the detection intensity of the peak corresponding to PO 4 3 − , that of the peak in the 1 s spectrum of carbon, and that of the peak in the 2p spectrum of zinc, we calculated the abundance ratios of carbon, zinc, and PO 4 3 − in the range from the surface to a depth of 1 000 nm in specimen G. Figure 8 shows the results, which indicate that the elemental carbon and zinc, and PO 4 3 − , were derived from the polyurethane resin, zinccoating components, and phosphate compounds contained in the chemical conversion coating matrix, respectively. According to the abundance ratio of PO 4 3 − shown in Fig.  8(a) for measurement before SST and Fig. 8(b) for measurement after 6 hours of SST, PO 4 3 − at a depth of 0 to 300 nm from the chemical conversion coating surface decreased by approximately 50% during 6 hours of SST. From this fact, it can be inferred that PO 4 3 − contained in the chemical conversion coating was eluted into salt water during the SST.
Relationship between the Amount of PO 4 3 − Eluted from the Flat Area and Corrosion Resistance in Scratches
To cover the steel substrate in the scratches with PO 4
−
and Zn 2 + compounds, PO 4 3 − need to be supplied from the chemical conversion coating around the scratches. In order to clarify the effect of the amount of PO 4 3 − eluted from the flat area on corrosion resistance in scratches, we measured the amount of phosphorus eluted from specimens A to H during the SST. This enabled us to examine the relationship between the amount of PO 4 3 − eluted and the maximum width of corrosion in the scratches. Figure 9 shows the relationship between the maximum width of corrosion in the scratches after 24 hours or 72 hours of SST and the amount of phosphorus eluted during the 24 hours of SST. According to Fig. 9(a) , when the amount of eluted phosphorus was 0 during the 24 hours of SST (specimen A), the maximum corrosion width increased to 0.42 mm; when the amount of eluted phosphorus was 10 mg/m 2 (specimen B), the maximum corrosion width was 0.14 mm; when the amount of eluted phosphorus was 19 mg/m 2 (specimen C), the maximum corrosion width was 0.08 mm; for specimens D to H, the amount of eluted phosphorus was 21 mg/m 2 or greater, and the maximum corrosion width became markedly small-right down to 0.02 mm or less. These results indicate a correlation between the amount of eluted phosphorus and the maximum corrosion width; the greater the amount of eluted phosphorus, the more corrosion is inhibited.
As shown in Fig. 9(b) , the maximum corrosion width in specimens D to H was 0.8 mm, even after 72 hours of SST. This value is much smaller than the values for specimens A to C, which were 2.0 mm or greater. The maximum corrosion width after 72 hours of SST was correlated with PO 4 3 − elution at an early stage. Such a fact suggests that PO 4 3 − elution at an earlier stage of the corrosion test is a key to inhibit the progress of corrosion.
In the following, we discuss the process of producing the compounds consisting of PO 4 3 − and Zn 2 + . Tada et al. measured the electrode potential distribution under a salt water environment by changing the ratio of the exposed area of steel substrate to the area of zinc. 11) Even when the ratio of the exposed area was set to 10:1 or larger, the potential difference between zinc and the steel substrate was small at a salt water concentration of approximately 5 mass%, and the electrode potential was lower than − 1.00 V vs. SSE even on the steel substrate. In a solution saturated with air, corrosion of steel is inhibited at an electrode potential of − 700 mV vs. SCE, an electrode potential lower than approximately − 0.75 V vs. SSE, 12) and sacrificial protection 13) occurs due to galvanic coupling between the zinc and the steel substrate, where zinc dissolves prior to steel substrate. In this study, the distance of exposed zinc before SST was approximately 3 μm on one side of the scratch and approximately 6 μm in total for both sides in the Zn mapping image in Fig. 4(a) . On the other hand, the steel substrate distance in total for the bottom and side faces of the scratch was approximately 90 μm according to the backscattered electron image in Fig.  4(a) . Since the ratio of the exposed area of steel substrate to the area of zinc was approximately 15:1, we think that the cause of the progress of corrosion from the scratch was the formation of galvanic coupling between zinc and the steel substrate. Examples of reactions involved in corrosion are a cathode reaction in which oxygen dissolved in salt water is reduced on the steel substrate and zinc-coating (1/2 O 2 + H 2 O + 2e − → 2OH − ) and an anode reaction, where zinc dissolves because it is lower in electrode potential than the steel substrate (Zn → Zn 2 + + 2e − ). Here, Zn 2 + dissolved in salt water moves toward the surface of the steel substrate to maintain electrical neutrality in the presence of OH − . When no PO 4 3 − is present in the system, as is the case with specimen A, OH − produced by a cathode reaction and CO 3 2 − dissolved in salt water bond to Zn 2 + to produce basic zinc carbonate and other products. 14, 15) When PO 4 3 − is present, as is the case with specimen G, PO 4 3 − eluted from the chemical conversion coating bonds to Zn 2 + to produce zinc phosphate-based compounds on the steel substrate (example of reaction: 3Zn 2 + + 2PO 4 3 − → Zn 3 (PO 4 ) 2 ). Simões et al. used a zinc-coated steel with areas of the steel substrate exposed, as is the case with this study, and applied an electrochemical approach to analyze the corrosion-inhibiting mechanism of PO 4 3 − on an end face of its cut surface in Na 3 PO 4 solution. 16) According to the results of their study, PO 4 3 − acted as an anode inhibitor for zinc immediately after corrosion occurred, and in addition, deposited Zn 3 (PO 4 ) 2 to inhibit the dissolution of zinc.
On the other hand, our study suggested that zinc phosphate-based compounds acted as an cathode inhibitor for the steel substrate. In our study, we confirmed that zinc phosphate-based compounds had coated the steel substrate by the end of 6 hours of SST, starting immediately after corrosion occurred. To cover the steel substrate at an earlier stage, it is necessary to supply Zn 2 + by allowing zinc to be eluted. Accordingly, it can be presumed that a sufficient amount of Zn 2 + was supplied during the initial stage of corrosion through zinc elution derived by the formation of galvanic coupling between zinc and the steel substrate. Regarding a coating with a high phosphoric acid content as seen in specimen G, we can infer that PO 4 3 − had been dissolved at a concentration sufficient to form compounds with the supplied Zn 2 + . We therefore think the following occurred: zinc phosphate-based compounds that covered the steel substrate in an earlier stage acted as a barrier against salt water and oxygen, which inhibited cathode reactions on the steel substrate. This infers that anode reactions accompanying the dissolution of zinc that would form a galvanic couple with the steel substrate decreased, thereby reducing the maximum width of corrosion.
As shown in Fig. 9 , zinc corrosion was inhibited more when the amount of PO 4 3 − eluted from the flat area was larger. We think the factor causing this inhibition operates as follows. According to the equation 3Zn 2 + + 2PO 4 3 − → Zn 3 (PO 4 ) 2 , Zn 3 (PO 4 ) 2 is produced in the collision between the two types of ions in the left side, and its production varies depending on the concentrations of the two types of ions. When the PO 4 3 − concentration is low, its collision with Zn 2 + occurs at a low frequency; as a result, the production of zinc phosphate-based compounds is small, and the coating on the steel substrate is insufficient. In contrast, at higher PO 4 3 − concentrations, zinc phosphate-based compounds are produced on the steel substrate at an earlier stage of SST as described above, thereby inhibiting corrosion of zinc.
Conclusions
In order to establish guidelines for enhancing corrosion resistance in areas where the steel substrate of zinc-coated steel is exposed, we analyzed the effect of phosphate compounds used as a corrosion inhibitor on corrosion resistance in areas of exposed steel substrate and examined the mechanism behind the compounds. We demonstrated that adding phosphoric acid to a chemical conversion coating enhances corrosion resistance in scratches that expose the steel substrate, inhibiting zinc corrosion in the coated layer within the scratches. Since compounds consisting of Zn 2 + and PO 4 3 − covered the steel substrate exposed in the scratches, we think these compounds acted as a barrier against salt water and oxygen. PO 4 3 − was eluted from the chemical conversion coating around the scratches by salt water in the salt spray test, and the progress of corrosion was inhibited. We therefore demonstrated that allowing a minimum specific amount or more of PO 4 3 − to be eluted from a chemical conversion coating can effectively inhibit the corrosion of zinc-coating in scratches.
